The stimulated radiation and absorption processes of light are thought unchanged under time reversal at present. This conclusion is based on dipole approximations without considering the retarded effect of radiation fields. It is proved that after the retarded effect of radiation field is taken into account, the time reversal symmetry of stimulated radiation and absorption processes would be violated, though the interaction Hamiltonian is still unchanged. Speaking strictly, the symmetry violation of time reversal is caused by the connection of two factors, i.e., the retarded effect of radiation field and the difference of initial states before and after time reversals. Some nonlinear optical phenomena obviously violating time reversal symmetry are enumerated and analyzed in the paper. In this way, a more reliable foundation can be established for laser physics and nonlinear optics. Einstein put forward light's stimulated radiation and absorption theory to explain Planck blackbody radiation formula in 1917 based on equilibrium theory. According to the Einstein's theory, the parameters of stimulated radiation and absorption are equal to each other with B ik = B ki . The same result can also be obtained by means of the calculation of quantum mechanics for the first order process under dipole approximation without considering the retarded interaction of radiation fields (1) . Because light's stimulated radiation process can be regarded as the time reversal of stimulated absorption process, the result means that light's stimulated radiation and absorption processes are with time reversal symmetry.
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Nonlinear optics was advanced in the 1960s. Also by dipole approximation without considering retarded interaction, nonlinear susceptibilities are proved invariable under time reversal (2) . Because the Hamiltonian of electromagnetic interaction is unchanged under time reversal, it is a common and wide accepted idea at present that the processes of light's radiation and observation as well as nonlinear optics are with time reversal symmetry.
However, it should be pointed out that most processes relative to laser and nonlinear optics are none-equilibrium ones, in which time reversal symmetry is violated generally. It will be proved below that after the retarded effect of radiation field is taken into account, time reversal symmetry would be violated generally in light's stimulated radiation and absorption processes with B ik = B ki . This kind of asymmetry has nothing to do with the invariability of the electromagnetic interaction Hamiltonian, but relative to the difference of initial states before and after time reversal. Or speaking strictly, the symmetry violation of time reversal is caused by the connection of two factors, i.e., the retarded effect of radiation field and the difference of initial states before and after time reversals. In this way, nonequilibrium and nonlinear phenomena in optics can be explained more rationally and a more reliable foundation can be provided for laser physics and nonlinear optics.
For simplification, we consider an atom only with an electron in its external layer. Electron's mass is µ, charge is q. When there is no external interaction, the Hamiltonian and wave function of electron are individuallyĤ
After external electromagnetic field is introduced, the interaction Hamiltonian iŝ
Because charge density of radiation field is zero, we can take ϕ = 0. WriteĤ
WhereĤ ′ 1 is of order ν/c andĤ ′ 2 is of order ν 2 /c 2 , so in the current theoryĤ ′ 2 is neglected generally. BecauseĤ ′ 2 has the same order of magnitude as the second order effects of nonlinear optics, it is remained in the paper. Suppose that electromagnetic wave propagates along k direction. Electric field strength is E = E 0 sin(ωt − k · R). Here R is a direction vector pointing from wave source to observation point.Ĥ ′ 1 andĤ ′ 2 can also be written aŝ 
Because we always have k ⊥ E 0 for electromagnetic wave, it is easy to verify commutation relation
So Eq.(6) can also be written aŝ
It can be seen that Eq. (4) is inaccurate and we will use Eq.(6) in the following discussion. Thought the results are the same by using Eq.(4) and (6) for the calculation of dipolar approximation, there is a small difference between them as shown below when the retarded effect of radiation field is taken into account. By using perturbation method of quantum mechanics, regardingĤ ′ as perturbation, we write the motion equation and wave function of system as
Let a m (t) = a 
m (t) + · · · and put it into (6), the motion equation becomes
The items with same order on the two sides of equation are taken to be equal to each other. The first four equations are
Suppose electron is in initial state | l > with energy E l at time t = 0, then transits to final state | m > with energy E l at time t, we have a m (t) = δ ml from the first formula of Eq.(10). Put it into the second formula, the probability amplitude of first order process is
WhereF 1ml =< m |F 1 | l >. In current theory, so-called rotation wave approximation is used, i.e., only the first item is considered when ω = −ω ml and the second one is considered when ω = ω ml in Eq.(13). But up to now we have not decided which state is in high-energy lever and which one is in low-energy lever. In fact, electron can either transit into higher-energy state | m > from low-energy state | l > by absorbing a photon, or transit from high-energy state | l > into low-energy state | m > by emitting a photon. Because photon's energy is always positive, by the law of energy conservation, it is proper for us to think that the condition ω = ω ml corresponds to the situation with E m > E l . In this situation, electron transits into high-energy final state | m > from low-energy initial state | l > by absorbing a photon with energyhω ml = E m − E l > 0. This is just the simulated absorption process with transition probability in unit time
Therefore, the condition ω = −ω ml corresponds to the situation with E m < E l . In this case, electron transits from high-energy initial state | l > into low-energy final state | m > by emitting a photon with energy −hω ml =hω lm = E l − E m > 0. This is just the simulated radiation process with transition probability in unit time
Therefore, W
ω=ω ml and W 
ω=ω ml and W
(1) ω=−ω ml clearly for the following discussion. For visible light with wavelength λ ∼ 10 −7 M and common atoms with size R ∼ 10 −10 M , we have k · R ∼ 10 −3 << 1. So in the current theory, dipolar approximation exp k · R ∼ 1 is taken into account. However, it should be noted that the radio of magnitude between the first order processes and the second order processes in nonlinear optics is just about 10 −3 . Meanwhile, for the interaction between external fields and electrons in atoms, we have R ≃ 0.1 ∼ 1M so that k · R = 10 6 ∼ 10 7 with a macro-order of magnitude. In fact, factor k · R represents the retarded interaction of electromagnetic field. It can't be neglected in general in laser and nonlinear optics. It will be seen below that this factor would play an important role in the symmetry violation of time reversal in light's absorption and radiation processes.
Suppose that R 0 represents the distance vector pointing from external light source to atomic mass center, r represents the distance vector pointing from atomic mass center to electron, we have R = R 0 + r with k · R 0 >> 1 and k · r << 1. So we can take e −i k· R ≃ e −i k· R0 (1 − i k · r) and have
Take k = ω τ /c, here τ is a unit direction vector. Take k = ω τ /c, here τ is a unit direction vector. By considering formula < m |p
* and ω 1m = −ω ml , we get according to Eq.(6)
(17)
The first item is the result of current theory and the second one is the revised result after retarded effect of radiation field is taken into account. Let
It is obvious that if retarded effect is considered with c = e and d = g, we have W
(1)
. It shows that the transition probability of stimulated radiation of an electron is different from its transition probability of stimulated absorption. As a comparison, it is easy to proved that if the interaction Hamiltonian takes the form of Eq.(4) as in the current theory, the results are
, the transition probabilities of stimulated radiation and stimulated absorption are still different. Only when retarded effect is neglected with c = d = e = g = 0, they are the same. However, it should be noted that Eq. (15) is not the time reversal of Eq.(14) for they have the same initial states.
Let's discuss the time reversal of light's stimulated radiation now. According to the standard theory of quantum electrodynamics, time reversal of electromagnetic potential is A( x, t) → − A( x, −t). Meanwhile, we havep → − p when t → −t. The propagation direction of electromagnetic wave should be changed from k to − k under time reversal (Otherwise retarded wave would become advanced wave so that the law of causality would be violated.). Let subscript T represent time reversal, from Eqs. (3), (5) and (6) we haveĤ
The interaction Hamiltonian is unchanged under time reversal. On the other hand, under time reversal t → −t, Eq. (8) becomes
m (−t) + · · · and put it into the formula above, the motion equation becomes
Take index replacements m → l and n → k in the formula, then let the items with same order are equal to each other, we get
Under time reversal, initial state becomes | m > with a
k (−t) = δ km . Put it into the second formula of Eq. (23), we get
BecauseĤ ′ 1 is the Hermitian operator with natureĤ
1ml e −iωt and get
Let a T m (t) represent the time reversal of amplitude a m (t). Because final state becomes | l > and initial state becomes | m > under time reversal, we have a
T m (t). So according to Eq.(26), the amplitude is after time reversal
So condition ω = −ω lm = ω ml corresponds to the situation with E m > E l . In this case, electron emits a photon with energy −hω lm = E m − E l > 0, transits from initial high-energy state | m > to final low-energy state | l > . This process is the time reversal of stimulated absorption process described by Eq.(14). The transition probability in unite time is
Comparing Eq. (30) with (14) and (20), we have W
ω=ω ml . It means that after time reversal the transition probability of stimulated absorption is not equal to the transition probability of stimulated radiation in the first order process, time reversal symmetry is violated. The parameter of symmetry violation of time reversal is defined as
It is easy to know that β
is a small quantity and has nothing to do with radiation field's strength. In the same way, it can also be seen that if the interaction Hamiltonian takes the form of Eq.(4), there still exists time reversal symmetry violation.
Similarly, the condition ω = ω lm = −ω ml corresponds to the situation with E m < E l . In this case electron emits a photon with energyhω lm = E l − E m > 0, transits from initial low-energy state | m > to final high-energy state | l >. This process is the time reversal of stimulated radiation process described by Eq.(15). The transition probability in unite time is
After retarded effect is considered, we also have W
ω=−ω ml . The transition probability of stimulated radiation in first order process can't yet keep unchanged under time reversal.
The result shows that even thought the interaction Hamiltonian is unchanged under time reversal, transition probabilities may be different for the processes with different initial states. At present, it is thought that as long as the interaction Hamiltonian is unchanged under time reversal, the form of motion equation of quantum mechanics would be invariable
Only when the retarded effect of radiation filed is neglected, transition probability becomes unchanged under time reversal. So we can conclude that the violation of time reversal symmetry in the processes of light's stimulated radiation and absorption originates from the connection of both factors the retarded effect of radiation field and the asymmetry of initial states.
On the other hand, matrix elementĤ ′ 1ml describes both processes stimulated radiation and absorption simultaneously with symmetry |Ĥ
It means that the absolute value of matrix element is unchanged under time reversal and under the exchange of initial and final states. Therefore, the precise meaning of the invariability of the interaction Hamiltonian under time reversal is thatĤ ′ 1ml describes both processes stimulated radiation and absorption simultaneously. Each of two processes violates time reversal symmetry. But the total process keeps unchanged under time reversal. The conclusion is also proper to high order processes.
High order processes are discussed below. We writeĤ
When m = l, we have < m | l >= 0, sô
Initial condition is a (0) n = δ nl . By means of Eqs.(11) and (13), the transition probability amplitude of second order process is
The formula contains the transition processes of single photon's absorption and radiation with ω = ±ω ml as well as double photon's absorption and radiation with 2ω = ±ω ml . The absorption process of a single photon is discussed at first. By rotation wave approximation, only the items containing factor {e −i(ω−ω ml )t − 1}/(ω − ω ml ) are remained. Let n = l in the seventh and eight items of the formula, transition probability amplitude is
Therefore, after second order process is considered, total transition probability amplitude is
Because of ω ll = 0, from Eqs. (17) and (18), we havê
Let qh E 0 · < l | τ · r∇ | l > /2cµ = c l + id l , we get
The transition probability of second order stimulated absorption process in unit time is
The magnitude order of the revised value of second order process is estimated below. In general situations, wave function can be developed into series with
16 , we have
In weak fields with E 0 << 10 13 V /M , the revised value of second process can be neglected. When fields are strong enough with E 0 ≃ 10 12 ∼ 10 13 V /M , revised value is big enough to be observed.
On the other hand, if retarded effect of radiation fields is neglected by taking k · r = 0, we have < l | τ · r∇ | l = 0, the reversion of second order process vanishes. The time reversal of the second order process is discussed now. Under time reversal, the initial state becomes a 
. When m = l, we have < m | l >= 0 and
So the time reversal of transition probability amplitude of the second process is
For the second order process when ω = ω ml , we take k = m in the fourth and sixth items of the formula. Also by rotation wave approximation, the time reversal of probability amplitude is
ll , so a T m (t) ω=ω ml = a m (t) ω=ω ml . Similarly, because ω mm = 0, we havê
The time reversal of stimulated absorption probability in the second process is
ω=ω ml . The parameter of symmetry violation in the second order process is
is relative to radiation field's strength. This is different from that in the first order process. When radiation fields are strong enough with E 0 ≃ 10 12 ∼ 10 13 V /M , the symmetry violation of second order process is great.
The process of double photon absorption with 2ω = ω ml is discussed below. Let n = l, m in the second and last items in Eq.(35), by rotation wave approximation again, transit probability amplitude is
Let n = l, m in the first and third items in Eq.(44), the time reversal of Eq.(51) is
Comparing Eq.(51) with (52), the differences are atF
. These kinds of differences are small. The parameter of symmetry violation has nothing to do with radiation field's strength. For big violation, we should consider third order process. According to Eq.(12), we have
By rotation wave approximation similarly, we can obtain the transition probability amplitude of third processes at 2ω = ω ml by a tediously long calculation
Take index replacement k → j in Eq.(25), the time reversal of Eq. (53) is
The result is
The differences are atF
. Similarly, when radiation field is strong, the revised value and symmetry violation of time reversal of third order process are great. If the retarded effect of radiation fields is neglected, the reversion and symmetry violation of third order process also vanish.
What discussed above are the situations in which radiation fields are polarized and monochromatic light. It is easy to prove that when radiation fields are non-polarized and non-monochromatic lights, time reversal symmetry is still violated after retarded effect of radiation field is taken into account. It can also be proved that symmetry violation of time reversal is not caused by the approximate method of perturbation by calculating double energy lever system strictly. But we do not discuss them anymore here.
Therefore, let B ml represent the stimulated absorption probability of an electron (for unit radiation density and unit time) transiting from initial low-energy state | l > to final high-energy state | m >, we have
Here D is the dipolar moment of an electron. Meanwhile, let B lm represent the stimulated radiation probability of an electron (unit radiation density and unit time) transiting from initial high-energy state | m > final low-energy state to | l >, we have
We have B ml = B lm for χ ′ ml = χ ml in general after retarded interaction is considered. The current theory of light's radiation and absorption is based on the Einstein's theory with B ml = B lm . It is obvious that the Einstein's theory is only suitable to equilibrium states. The result B ml = B lm would cause an important influence on laser theory. We also do not discuss this problem here. What discussed at last is to enumerate and analyze symmetry violation phenomena of time reversal in nonlinear optics.
In nonlinear optics, there exist a great number of evidences to violate time reversal symmetry. As we know that the processes of linear optics, just as light's propagations, reflection, refraction, polarization and so on in uniform mediums, are reversible. For example, light's focusing caused by a common convex mirror at point A shown in Fig.5 . When a beam of common light is projected into a convex mirror, it would be focused at focus O. If we put a same convex mirror at point B , and O is also the focus of convex mirror B, the light sent out from O point would become a beam of parallel light again when it transit out convex mirror B. The process that light moving from O → B can be regarded as the time reversal process of light moving from A → O. It is obvious that the process is reversible. The second example is that a beam of white sunlight can be resolved into a spectrum with different colors by a prism. When these lights with difference colors are reflected back into prism along same paths, white sunlight would be formed again. The third example is that a beam of light can become two different polarization lights with different propagation directions when the light is projected into a double refraction crystal. If these two polarization lights are reflected back into the crystal along same path again, the original light is formed. All of these processes are reversible. But in the processes of non-linear optics, reversibility does not exist. Some examples are shown below.
1. Light's multiple frequency, sum frequency and difference frequency and parameter amplification.
A beam of laser with frequency ω is projected into a proper medium and proper phase matching technology is adopted. The light with multiple frequencies 2ω would be found in penetrating light besides original light with frequency ω as shown in Fig.1 . If the lights with frequencies ω and 2ω are reflected back into the same medium, as shown in Fig.2 , they can't be completely synthesized into the original light with a single frequency ω. Some light with frequency ω would become multiple frequency light again by multiple frequency process. Some light with frequency 2ω would become the light with frequency ω by difference frequency process. Meanwhile, some light with frequencies ω and 2ω would penetrate medium as shown in Fig 2. So the process can' be recovered and time reversal symmetry is violated. The situations are the same for the sum frequency, difference frequency and parameter amplification processes and so on. As shown in Fig.3 and 4 , the processes of double stationary states of optics are just as the processes of polarization and magnetization processes of ferroelectrics and ferromagnetic. In the processes the hysteretic loops are formed between incident and outgoing electrical field strengths. In the polarization and magnetization processes of ferroelectrics and ferromagnetics, the process that electromagnetic fields changing along positive directions can be regarded as the time reversal process that fields changing along negative directions. There exist electric and phase hysteresis. The hysteretic loops are similar to the heat engine cycling loops. After a cycling, heat dissipation products and time reversal symmetry is violated. So it is obvious that double stationary state processes of optics are irreversible and time reversal symmetry is violated. Medium's refractive index would be changed nonlinearly when a beam of laser with uneven distribution on its section just as Gauss distribution is projected into a proper medium. The result is that medium similarly becomes a convex or concave mirror so that parallel light would be focused or defocused. This is just self-focusing and self-defocusing of light. The stationary self-focusing process is shown in Fig.6 . Parallel light is focused at point O, then becomes a thin beam of light projecting out medium. Comparing it with common focusing process shown in Fig.5 , if the self-focusing process is reversible, the light focused at O would become parallel light again when it projecting out the medium as shown in dotted lines in Fig 6. But it dose not actually. So self-focusing processes are irreversible, and so do for self-defocusing process of light. In double absorption process of photons, an electron in low-energy lever would absorb two photons at frequencies ω 1 and ω 2 and transits to high-energy lever. But if the electron at high-energy lever transits back to low-energy lever, it either gives out only a photon at frequency ω 3 = ω 1 + ω 2 , or two photons at frequencies ω ′ 1 = ω 1 , ω ′ 2 = ω 2 . In general it would not give out two photons with original frequencies ω 1 and ω 2 . So double photon absorption processes are irreversible. And so do for multi-photon absorption.
Stimulated Raman and Brillouim scatterings
A beam of laser with frequency ω is projected into some mediums with resonance frequency ω 1 . There are two outgoing lights with frequency ω 2 = ω ± ω 1 besides transmission light with frequency original ω. But if transmission lights with frequencies ω and ω 2 are reflected back into same mediums, light with frequency ω 2 can't be transformed into light with frequency ω completely. Therefore, when transmission lights with frequencies ω and ω 2 are reflected back into same mediums again, light with frequency ω 2 can't be eliminated, so that processes are irreversible. In fact, it can be said that all processes in which light's frequencies are changed would be irreversible. And so do for Brillouim scatterings and Rayleigh scatterings, no matter they are spontaneous or stimulated scatterings.
6. Photon echo phenomena (6) Under a certain conditions of temperature and magnetic field, a beam of laser can be resolved into two lights with a time difference by using a time regulator of optics. Then two lights are emitted into a proper crystal. Thus three light signs can be observed. The last sign is photon echo. This is a kind of instant coherent phenomena of light. If these three lights signs are imported into same medium again, they can't return into origin two lights. Either three signs are observed (no now echo is caused) or more signs are observed (there are new signs are caused). In fact, besides photon echo, there are electron spin echo, ferromagnetic echo and plasma echo and so on. All of them are irreversible and violate time reversal symmetry.
7. In fact, we have light's spontaneous and stimulated radiations, but we only have stimulated absorption without spontaneous absorption. It is a spontaneous process for an electron to transit from high-energy lever to low-energy lever by emitting a photon, but it is not a spontaneous process for an electron to transit from low-energy lever to high-energy lever. The processes are asymmetrical.
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